Abstract: Environmental health research is gaining interest due to the global concern of environmental factors impacting health. This research is often multifaceted and becomes complex when trying to understand the participation of multiple environmental variables. It requires the combination of innovative research methods, as well as the collaboration of diverse disciplines in the research process. The application of collaborative approaches is often challenging for interdisciplinary teams, and much can be learned from in-depth observation of such processes. We share here a case report describing initial observations and reflections on the collaborative research process of the Data Mining and Neonatal Outcomes (DoMiNO) project (2013)(2014)(2015)(2016)(2017)(2018), which aimed to explore associations between mixtures of air pollutants and other environmental variables with adverse birth outcomes by using an innovative data mining approach. The project was built on interdisciplinary and user knowledge participation with embedded evaluation framework of its collaborative process. We describe the collaborative process, the benefits and challenges encountered, and provide insights from our experience. We identified that interdisciplinary research requires time and investment in building relationships, continuous learning, and engagement to build bridges between disciplines towards co-production, discovery, and knowledge translation. Learning from interdisciplinary collaborative research experiences can facilitate future research in the challenging field of environmental health.
Introduction
Environmental risk factors such as air pollution [1] contribute to the burden of disease in children worldwide, driving a growing interest and need in children's Environmental Health (EH) research. This research field is complex, as there is the need to study multiple types of environmental exposures, various groups of variables for each type of exposure, and several windows of vulnerability (e.g., in utero development, post-natal) in order to understand the role of the exposome in the health of people and the planet [2] .
An example of the potential environmental impact on health is adverse birth outcomes (ABO). ABO, such as low birth weight and preterm birth, are significant public health concerns. ABO represent a multi-factorial set of conditions that result in significant, immediate, and long-term health DoMiNO's case illustrates the collaborative approach experience in a complex research context of understanding some aspects of the exposome. We describe the project in its unique context and the opportunities for new knowledge discovery when using an innovative research approach of developing new algorithms to account for spatial co-occurrence of environmental factors and ABOs, which was supported by a collaborative approach of experts from different domains. Moreover, we portray the collaborative process, how it benefited the research, and the challenges it created; and share initial insights on the interdisciplinary process based on our experience.
Methods
We present an EH research case, where we describe its embedded collaborative and interdisciplinary process. We provide a detailed description of the DoMiNO project 'the case', including the research context and framework, the research progress, and outcomes with an emphasis on the collaborative and interdisciplinary approach.
We studied the case at different points in time, aiming to reveal changes in conditions or impacts [28] of team members in the collaborative and interdisciplinary process. Multiple data sources, including meeting minutes and recordings, project logs and field notes, were used to provide the descriptions.
This case report will hopefully provide enough information about lessons learned so that others who are currently involved or plan to engage in similar research can understand what interdisciplinary and collaborative research entails and draw their own conclusions [29, 30] .
The DoMiNO study received approval from the University of Alberta Health Research Ethics Board Human Panel (Study ID Pro00039545) and institutional approval from the Alberta Perinatal Health Program and Canadian Neonatal Network.
The DoMiNO Project

The Research Framework
The research objective of the DoMiNO project was to discover co-location of ABO with specific mixtures of industrial emissions and social factors as a way to provide insights to postulate new hypotheses.
The study focused on the period between 2006 and 2012 and used data from (1) the National Pollution Release Inventory (>300 chemicals annual emissions); (2) maternal variables (21 variables) and birth data (>300,000 births) from the Alberta Perinatal Health Program and the Canadian Neonatal Network; (3) wind data; (4) socioeconomic status (SES) index (five categories), and (5) urban air pollution models. These databases were chosen for their public availability (NPRI, Wind) and for their comprehensiveness and reliability (neonatal and maternal data). Other data originated from DoMiNO team members (SES Index, urban air pollution modules).
Due to a large number of variables involved in this complex research and the resulting large number of potential combinations, we developed novel data mining approaches based on geographical location. Newly developed algorithms identified associations between ABO and mixtures of chemicals occurring at the same location, after considering wind patterns and maternal mobility. Our approach also included a computer-based visualization tool to identify and present results. Furthermore, ad-hoc maps using geographic information systems (GIS) and traditional statistical approaches provided support to the data mining findings and insights into how complementary traditional research approaches supported the generation of co-location hypothesis and the validation of the findings. Altogether, several associations were selected as the potential hypotheses to relate specific mixtures of pollutants with ABO. Figure 1 illustrates the research framework. 
The Team and Collaborative Approach
The complexity of the DoMiNO project resides in the EH research context and the various methods employed, requiring individuals with diverse expertise engaging in an interdisciplinary research process that also included a partnership with knowledge users.
The DoMiNO research team consisted of over 20 team members. The team included researchers, clinicians, graduate students, and knowledge users. Research members' expertise included EH & public health, computing science (data mining), epidemiology, geography, neonatology, obstetrics and gynecology, pediatrics, and knowledge translation (KT). The team also included knowledge users from non-government organizations (NGO), government agencies, which focus on science and policy and data providers. This diverse collective expertise reflects the complexity of the question and the research. Most members of the team resided in one city. The rest of the team was dispersed in different geographical locations and time zones.
Beyond the interdisciplinary methodology, an integrated knowledge translation (iKT) approach based on participatory principles and engaged scholarship [31] was embedded in the research framework. By definition, iKT promotes the participation of knowledge users from the early stages of the project throughout the whole research process, as well as knowledge translation and exchange phases, and take part in knowledge creation and steering of the research to be more relevant to users [32] . All team members were involved in the research process from conception through all the research phases. The team members were engaged in obtaining, analyzing, and interpreting useful information from large sets of data, and developing KT strategies as the project progressed.
The collaborative framework included: (1) A governance structure in the form of a steering committee, whose role was to support project management and decision-making; (2) an engagement plan, which included opportunities to participate in the different phases of the research through annual face-to-face meetings, teleconferences, and email updates; and (3) an embedded evaluation plan, which informed participants of the research undertaking and addressed the needs of the collaboration, as well as enabled scientific learning on the processes of collaboration. 
The collaborative framework included: (1) A governance structure in the form of a steering committee, whose role was to support project management and decision-making; (2) an engagement plan, which included opportunities to participate in the different phases of the research through annual face-to-face meetings, teleconferences, and email updates; and (3) an embedded evaluation plan, which informed participants of the research undertaking and addressed the needs of the collaboration, as well as enabled scientific learning on the processes of collaboration. The principal investigators and research coordinator were responsible for project management and communication and were supported by the steering committee.
The DoMiNO Research Process
Building the Project
The first steps of the project involved constructing the research plan, bringing together the team members, designing and writing the proposal, and articulating the project objectives. Once funding was guaranteed, the process focused on obtaining ethics approval and ABO data from local and national sources. These agreements were complex, considering that birth data needed to ensure privacy and confidentiality; therefore, there was need for assurances that no individual identifiers would be compromised since we worked with individuals' postal codes.
An important initial step was to build a baseline from which the team could start working together, since most members did not know each other and were unfamiliar with some of the methods planned for the research. The team got together for a first kick-off face-to-face meeting (the first of four). For the few who were unable to attend in person, the meeting was selectively broadcasted live for them to join online. The meeting enabled the beginning of building relationships among team members and getting familiarized with the different members' backgrounds and expertise through the development of a shared understanding of the different concepts, which were integral to constructing the project. The meeting offered an opportunity to clarify the project's future route, the objectives and expected outcomes, and preliminary discussion on the desired and appropriate knowledge translation goals. The conversation included clarifications about timelines, expectations, roles, and responsibilities. A discussion on communication management also took place to clarify the best strategies for this team, after the baseline interviews presented mixed responses and thus a realization that " . . . the project would need multi-prong communication approach" (Annual Meeting 1, Minutes), which will include emails, a website as a repository, newsletters, individual or sub-team discussions with experts as required.
In response to comments made during this meeting and the baseline interviews, specific individual discussions followed to further clarify the project boundaries of what the project will and will not include, establish the research framework, and clarify roles. The steering committee for DoMiNO was formed and took part in planning and decision making of the entire research process through monthly or bimonthly teleconferences.
Constructing the Building Blocks for the Research
Once data were available, the entire team met in person for a progress report and for a workshop to plan and design the research path, which was necessary for the DM process. Content experts decided on inclusion and exclusion criteria for the different variables used to conduct the research and the level of investigation (e.g., geographic areas for the different variables). Once this plan was clarified, members of the team, the principal investigators, and students from different disciplines continued in cleaning and harmonizing the data according to the protocol developed with the assistance of specialists in the team, for the subsequent research processes.
Research activities focused then on developing data exploration approaches based on the three research methods: spatial DM, statistics and GIS. Graduate students were mainly engaged in this phase alongside consulting with content experts as needed. The DM team developed a unique, new and efficient algorithm to discover contrastive motifs [33] and created a list of association patterns. Concurrently, statistics and GIS, explored urban and rural differences in ABO occurrence. Different maps were developed to identify the geographic distribution of ABO, pollutants and socioeconomic status indices [34] , that later served to complement and finalize the analysis. These processes created a preliminary list of colocation patterns when brought together.
Throughout this period, rapport with the whole team was kept using newsletters and emails in which progress was shared. We also initiated, based on team members' suggestions, webinar sessions, which served as learning opportunities and enabled discussion with the entire team on results, future steps and follow up with individual or sub-team discussions as required. Through these activities, the research progressed.
The team also engaged in reflective discussions and identified difficulties resulting from the interdisciplinary nature of the project, such as different perspectives and vocabularies. In order to address those issues, all future interactions contemplated 'building bridges' between disciplines and getting familiarized with each other's terminologies and meanings. Several different strategies were applied, including continuous learning opportunities, repetition of concepts, methods and terms. Additionally, a lexicon that included important terms, methods descriptions, data sources, among others, was shared among all team members. Over time, the team became familiar with the different methods and terminologies used, as was stated by team members 'understanding the different terminologies is getting better . . . ' (Annual Meeting 3, Minutes) and found the lexicon to be helpful 'we have to have a good understanding of all measures and better understanding of the data: the glossary [lexicon] is nice!' (Annual Meeting 4, Minutes) so they were able to be meaningfully engaged in the research process.
Refining Results
Once the first association patterns were identified, with the guidance of the data mining team members, the team jointly supported the design of a visualization tool (VizAR) for identifying data mining patterns [35, 36] . By using this visualization tool, findings were easily presented according to the different pollutants, the birth outcomes, and the location where they co-occur.
Team members took part in several face-to-face workshops, webinars and surveys to first learn about the tool and then brainstorm to provide input regarding issues related to the inclusion of data, design, processes used, prioritization methods, and usability of the tool. This process helped in shaping the tool itself with new types of analysis and functionalities. As was described by the DM team, 'many versions of the tool were produced so far in response to the team comments and feedback' (Annual Meeting 4, Minutes). Through this iterative process and the joint interdisciplinary effort, the outcome resulted in an interactive tool that enabled users, team members, and external users to explore the different patterns according to their parameters of interest, such as specific chemicals, locations, or birth outcomes. This visualization tool enabled exploration, sorting, prioritizing, and identification of mixtures with strong data mining associations with ABO to generate new hypotheses.
Prioritization, Interpretation and Validation of Results
The last stage was to identify new hypotheses based on the data mining findings. Using the visualization tool (VizAR), the whole team met to discuss, interpret, decide on new hypotheses, identify other project outcomes, and develop a knowledge translation plan.
The expectation was that the team would identify patterns using VizAR to generate hypotheses, as was expressed in the beginning of the meeting by the Principal Investigator: " . . . We are making discovery, not causality . . . VizAR is like a microscope; the microscope cannot interpret the results . . . we used different methods to rate the patterns; there is no methodology to tell us which is the best way to sort" (Annual Meeting 4, Minutes).
Coming from different disciplines and epistemologies, members had different perspectives on outcomes selection and the ways to claim validity and reproducibility of the results in this discovery-based research. This situation created a challenging discussion for finalizing the results. It was difficult to make a joint decision about which patterns could be considered as strong hypotheses, and which measures could determine what 'strong' meant. Based on the different perspectives in the team, various suggestions were made to move the project forward, such as: 'We need a validation process with different health outcomes', 'We need an automation process', 'This is a good tool to look at mixtures', 'We need to translate DM results to epi [epidemiology] language' (different team members, Annual Meeting 4, Minutes).
Although this was the official end of the project, one of the more comprehensive propositions for hypotheses prioritization, which was introduced in the meeting, was followed through by several team members. They further developed a validation approach by integrating DM, GIS, and statistics into an integrative framework that helped the validation of the DM findings required for the generation of five robust hypotheses [37] . These hypotheses were reviewed and approved by the whole team, and the joint team publication describing these results is underway [38] .
Research Outcomes and Knowledge Translation
Over the five operational years of the project, the outcomes included development of a new algorithm; creation of an interactive visualization tool to visualize data mining results; identification of an initial list of potential hypotheses and a secondary list of robust hypotheses linking specific chemical pollutants mixtures with ABO. Additionally, the project had other 'side outcomes' such as new classification methods in DM [39] , ABO and industrial pollutants maps [40] , description of ABO and related risk factors' prevalence [41] , testing the usefulness of existing publicly available data, learning about the collaborative process, and training a new generation of interdisciplinary researchers in environmental health.
The project's framework contemplated, from the very start, knowledge translation and exchange as part of the research process. Thus, sharing the gained knowledge to contribute to research practice and policy, that may advance and optimize children's health, was central to the project. Many discussions and planning sessions took place during the project's process on what this knowledge translation exchange would look like considering the complexity of communicating about air pollution [42] . This included what the impact of the research could be, who the users would be, how and what to share, and how to best connect with stakeholders. As the KT plan developed along the progression of the project, the resulting knowledge exchange activities included different forms of engagement. The team initiated targeted and interactive activities with varying stakeholders with clinical, research and policy interests. Engagement activities included hands-on workshops, presentations, and webinars to our team members' organizations (medical departments and agencies) and other stakeholders' organizations. Additionally, the team engaged in traditional dissemination of results, like scientific publications and presentations in local, national and international conferences. Some KT activities are still in progress and members of the team continue to collaborate on different spheres.
Facilitators and Challenges
A complex context and the research scope challenged the DoMiNO project. It involved discovery research in a poorly explored territory, aiming to identify associations between ABO and mixtures of pollutants, some of which have unknown toxic potential. Challenges also included the development and application of a new methodology for identifying mixtures, working with data limitations such as lack of details or need for aggregation, and the constant expectation of proving causality.
However, the collaborative and interdisciplinary nature of the project and the team's commitment provided the conditions to develop and support such an innovative project. As was noted in one of the field notes: "It was very helpful to have team members with different familiarities (a data analyst, a medical expert, people familiar with the databases and what they do and do not offer, familiar with the chemical release reporting systems). Also, helpful to have a group who uses a variety of research techniques. The discussion would not have gone anywhere without the combined expertise and diversity of the group" (Field Notes, Meeting 3) .
Moreover, the inclusion of data providers/custodians and NGO representative as team members supported all the phases of the research, including the knowledge translation. The diverse and comprehensive input from all members enabled the progression of the project, which would not have been possible otherwise; thus, the inclusion of all team members in the different activities of the project was imperative. It was an iterative process of learning and production, collectively and individually at times (e.g., only the data miners could develop the algorithm). Hence, the DM process could not have progressed into developing a meaningful algorithm without understanding the different considerations imposed by the context and why these mattered. Moreover, DM findings could not have been interpreted and validated without the assistance of the rest of the team.
Different channels of communication facilitated rapport, dialogue, engagement, participation and learning to support the ongoing collaboration. Among those, face-to-face meetings were the most efficient manners of communication, which included frequent small/sub team meetings and four annual two-day meetings for the whole team. Those interdisciplinary sessions and interactions promoted continuous learning and participation of different perspectives and at different times and were essential for progression and development. Annual full team meetings were designed by the principal investigators, research coordinator, and the meetings facilitator to respond to project needs. Planning of format and content were based on consultation and feedback received from the team: the steering committee, previous meeting evaluations, webinars, small /sub-team meetings, individual discussions. Annual face-to-face meetings usually involved formal and informal sessions, presentations and progress updates, interactive workshops designed for brainstorming on results, methods, challenges, interpretations, improvements, and future steps in large forum discussions and smaller groups. The team also engaged in evaluation surveys and reflective sessions, discussing the collaborative process to identify strengths and weaknesses as well as opportunities and challenges. Participation in the face-to-face meetings was almost always close to the maximum.
Webinars and newsletters were other channels for communication. Newsletters focused on providing updates on progress, outcomes, logistics, short-term plans, and summaries of team activities and decisions. Webinars (online seminars) were professional platforms for deliberations on details on methods and interim research outcomes from all arms of the project, and an opportunity to discuss future steps. In most cases, approximately 15 (3/4 of the team) members joined the webinars. All webinars were recorded and shared on the DoMiNO website to benefit those who may have missed the sessions.
The project faced logistic challenges, such as having the right personnel to address all aspects of the research, and team members who had competing priorities and geographic distances. However, this partnership supported and grounded the research and steered the research towards exciting and meaningful outcomes, as well as dissemination and application in different domains. Figure 2 illustrates the DoMiNO's project main milestones, the different elements that supported the promotion of the interdisciplinary and collaborative practice, and the contribution of the different disciplines during the years of operation. 
Discussion
In an attempt to understand the environment and how it impacts the health of the people and the planet, complex research is required to capture all the participating elements and understand how they connect, e.g., exposure to multi-pollutants in the air impacting different systems [43, 44] . New research approaches are required along with diverse disciplines, collaborating to support this type of research as the scientific exploration moves to be more holistic and includes different aspects of the problem [45] (e.g., Exposome-Wide Association Study ExWAS [46] , One Health [47] ). Wild (2014), called for interdisciplinary research of the exposome, a collaboration across disciplines that use different paradigms, tools, and even language [2] . Dagnino, (2018) further emphasizes the significance of the collaboration of epidemiologists and statisticians with other experts to ensure proper study design, methodologies and analysis in exposome research, and provide examples of projects and centers devoted to the research of the exposome [48] . Thus, the DoMiNO project described above is an example of how a collaborative and interdisciplinary approach, including an array of specialists and expertise, can contribute to a novel research approach to address this complex context of the human exposome.
In a previous exploration of the literature on collaborative research in the EH context [49] , we identified several approaches embracing interdisciplinary research in collaboration with knowledge users or stakeholders; among them are transdisciplinary research and community-based participatory research. Additionally, we identified key components of the collaborative research process that negatively or positively impact the collaborative process: allocating time and resources, addressing disciplinary and sectoral issues, building relationships, ensuring representation, embedding participation in the research, supporting ongoing collaboration, and developing 
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In a previous exploration of the literature on collaborative research in the EH context [49] , we identified several approaches embracing interdisciplinary research in collaboration with knowledge users or stakeholders; among them are transdisciplinary research and community-based participatory research. Additionally, we identified key components of the collaborative research process that negatively or positively impact the collaborative process: allocating time and resources, addressing disciplinary and sectoral issues, building relationships, ensuring representation, embedding participation in the research, supporting ongoing collaboration, and developing knowledge translation (KT) and exchange. The literature review findings and those obtained from the DoMiNO collaborative process experience highlight several aspects that are of significance to interdisciplinary and collaborative research projects.
The interdisciplinary research process requires sufficient time and efforts to enable the building and maintenance of the collaborative process in order to optimize the partnership and achieve goals. Although it may seem at times that interdisciplinarity can create obstacles for progression, it actually pushes the work forward in a way that benefits the project to be more relevant and useable [50, 51] . We have learned that collaboration is an evolving process, which starts from planning and writing the proposal and goes on to the next phases, in which relationship among team members evolve and strengthen over time, through formal and informal activities. The research progresses thanks to the integration of different perspectives, methods and experiences [52, 53] , and the team's commitment.
The interdisciplinary and stakeholder engagement process can only occur in a supportive environment that promotes learning and sharing ideas. Learning is especially essential, considering that members have different backgrounds, perspectives, and concepts. In order for the team to achieve its goal, it needs to build bridges to guarantee the progression of the research by learning, thinking, and employing different methods; and harmonizing discipline-specific terms or word meaning. The team needs to embrace different epistemologies, theories, and methods; challenge their own beliefs; and engage in reflexivity and self-awareness of one's own epistemology bias as part of the research process and interpretation of results [19] . Moreover, this type of research requires a team to think in 'discovery mode' to generate hypotheses; where logic, rigor and objectivity are insufficient at times and also ask for creativity and intuition [54] . Times for disagreement and breakdown of epistemologies may happen [55] . The integration, interpretation, assessment, and agreement on results is a difficult test and challenge for interdisciplinary practice. Different measures were suggested to overcome those challenges and facilitate best practices such as evaluation, reflection, and deliberations [49, 52, [55] [56] [57] [58] .
Furthermore, supporting the process of collaboration may help in overcoming discipline-related challenges as described above, as well as technical challenges due to team members' geographical distances [59, 60] . Facilitating different communication channels can address different needs and availabilities. Evaluation and reflection can support the collaborative process as well [58] . It enables rapport and can help identify different needs of the collaborative process such as modifications to support systems employed to inform the process and to support learning and capacity building. In order to optimize future collaborative initiatives, research teams may want to consider including a specialist to support the collaborative aspects of the research, including formative evaluation [61, 62] . Another approach would be to promote training in interdisciplinary and collaborative research for those involved [2, 19] .
The case described here provided insights into the collaborative process within the complex context of EH research from real-life experience. It highlights not only the need for innovative research approach and the participation of an array of specialists working together to promote a comprehensive understanding of the exposome and its impact on human health, but also the process of establishing and maintaining these types of partnerships supportive of building research capacity and knowledge translation, in this evolving area of research.
Those engaged in collaborative research would probably find some similarities between this case and those emerging from their own experiences. Research teams would often have diverse expertise participating in their endeavors. However, we do not often spend time thinking about what aspects optimize research partnership practice. While we move forward with more complex research to explore the environmental impact, stories like the one presented here provide insights on the kind of encounters teams may face in light of the complexity of both the research itself and the collaborative process, and how to overcome those.
Interdisciplinary experiences provide interesting new research outcomes, but are not exempt from challenges as the ones discussed above. Team members and leaders need to embrace a collaborative culture, acknowledge the challenges, and address them in their research process.
Building a team requires the investment of time towards building relationship and trust, building bridges between disciplines, and supporting an inclusive learning environment to help strengthen a successful collaborative project. Nonetheless, it is the team's commitment of both management and members to the collaborative process that makes the difference.
This case represents an example of a collaborative process in the complex context of the research of the exposome and is part of our ongoing exploration to understand the essential components and mechanisms necessary for collaborative teams' growth and performance. Future research should continue and promote more opportunities to learn from real-life stories in order to improve interdisciplinary collaborative practice. 
